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MULTI-LEVEL MICROCHANNEL HEAT EXCHANGERS 

Related Application 

This application claims priority under 35 U.S.C. § 1 19(e) of the co-pending U.S. 
provisional patent application Serial Number 60/455,729, filed on March 17, 2003, and titled 
"MicroChannel Heat Exchanger Apparatus with Porous Configuration and Method of 
Manufacturing Thereof." The provisional patent application Serial Number 60/455,729, filed on 
March 17, 2003, and titled "MicroChannel Heat Exchanger Apparatus with Porous Configuration 
and Method of Manufacturing Thereof is hereby incorporated by reference. 

Field of the Invention 

This invention relates to the field of heat exchangers. More specifically, this invention 
relates to micro-channel structures used in a heat exchanger for carrying heat-absorbing fluids. 

Background of the Invention 

Heat sinks are an important component in many devices, particularly in semiconductor 
devices, where smaller device-geometries in more powerful circuits generate more heat in a 
smaller area. Overheated components often fail and must be replaced, an expensive and time- 
consuming process. 

Many heat sinks contain channels that span the entire length of a heat-generating device. 
These heat sinks suffer from several drawbacks. For example, these heat sinks do not allow heat- 
absorbing materials to be concentrated in a specific area. These heat sinks also suffer from 
pressure drops along the length of the channels, preventing a uniform flow of a cooling material 
along the channel. Also, because the channels span a relatively long distance, after they absorb 
heat along a first section of the channel, they are less able to absorb heat along later sections of 
the channel. The heat-absorbing ability of the cooling material circulating along the channel is 
thus diminished, and the heat-generating device is not sufficiently cooled. 
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Accordingly, there is a need for a structure and method of circulating a cooling material 
within a heat exchanger to overcome these and other disadvantages when cooling a heat- 
generating device. 



5 ■ 

Brief Summary of the Invention 

A heat exchanger provides vertically stacked multichannels, which together effectively 
draw heat away from a heat-generating device. The vertically stacked multichannels allow 
substantially uniform pressure flows within the channels and allow the flow of cooling materials 

10 to be accurately concentrated over specific areas. 

In a first aspect of the present invention, a heat exchanger comprises a manifold layer and 
an interface layer. The manifold layer has a first plurality of openings for providing a cooling 
material to the heat exchanger and a second plurality of openings for removing the cooling 
material (e.g., liquid or vapor) from the heat exchanger. The interface layer is coupled to the 

15 manifold layer and has a plurality of routes that each extends from one of the first plurality of 
openings and terminates at a corresponding one of the second plurality of openings. The routes 
are used to carry the cooling material. The plurality of routes are substantially contained in a 
plane non-parallel, preferably substantially perpendicular, to a heat-exchanging plane. 
Preferably, each route is adjacent to another route, whereby heat can be exchanged between 

20 cooling material circulating within adjacent routes. In one embodiment, each route extends from 
one of the first plurality of openings toward the heat-exchanging plane and then turns to extend 
away from the heat-exchanging plane toward a corresponding one of the second plurality of 
openings. Preferably, each route is substantially U shaped. In another embodiment, after a route 
extends from one of the first plurality of openings and before the route extends toward one of the 

25 second plurality of openings, the route extends substantially parallel to the heat-exchanging 
plane. In another embodiment, the interface layer comprises a structural material having a 
thermal conductivity of at least approximately 20 W/m-K. Preferably, the structural material 
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comprises a semiconductor. Alternatively, the structural material comprises a metal, a porous 
material that defines the plurality of routes, such as a porous metal or a silicon foam, or a 
composite of materials. The cooling material typically comprises a liquid but could also 
comprise one or more gases (e.g. air), vapor, or a combination of one or more liquids, gases, and 
5 vapors. Preferably, the liquid comprises water. In another embodiment, the first plurality of 
openings and the second plurality of openings lie substantially in a single plane. 

In another embodiment, the heat exchanger further comprises a heat insulator between the 
first plurality of openings and the second plurality of openings. Preferably, the heat insulator 
comprises an air gap. Alternatively, the heat insulator can comprise a vacuum gap or any 

10 thermally-insulating material having a thermal conductivity of approximately 5 W/m-K or less. 
In another embodiment, a cross-sectional dimension of a route, such as an area, changes as it 
extends from one of the first plurality of openings to a corresponding one of the second plurality 
of openings. Preferably, a cross-sectional dimension of a route increases uniformly as it extends 
from one of the first plurality of openings to one of a second plurality of openings. 

15 In another embodiment, the heat exchanger further comprises a heat-generating device 

coupled to a bottom surface of the interface layer. In another embodiment, the heat-generating 
device is formed integrally with the bottom surface of the interface layer. Preferably, the heat- 
generating device is a semiconductor device. In another embodiment, each route comprises a 
channel. In another embodiment, the plurality of routes is defined by a plurality of pin fins. 

20 Preferably, the plurality of pin fins are positioned crosswise to the plurality of routes. In another 
embodiment, the heat exchanger further comprises a pump coupled to the first plurality of 
openings. In another embodiment, the manifold layer and the interface layer form a monolithic 
device. 

In a second aspect of the present invention, a method of forming a heat exchanger 
25 comprises forming a manifold layer having a first plurality of openings for providing a cooling 
material to the heat exchanger and a second plurality of openings for removing the cooling 
material from the heat exchanger, and forming an interface layer coupled to the manifold layer. 
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The interface layer has a plurality of routes that each extends from one of the first plurality of 
openings and terminates at a corresponding one of the second plurality of openings. Each route 
is used to carry the cooling material. The plurality of routes are substantially contained in a plane 
non-parallel, preferably substantially perpendicular, to a heat-exchanging plane. In one 
5 embodiment, each route is adjacent to another route. In another embodiment, each route extends 
from one of the first plurality of openings toward the heat-exchanging plane and then turns to 
extend away from the heat-exchanging plane toward a corresponding one of the second plurality 
of openings. Preferably, each route is substantially U shaped. In another embodiment, after a 
route extends from one of the first plurality of openings and before the route extends toward one 
10 of the second plurality of openings, the route extends substantially parallel to the heat- 
exchanging plane. 

In one embodiment, the interface layer comprises a structural material having a thermal 
conductivity of at least approximately 20 W/m-K. Preferably, the structural material comprises a 
semiconductor. In another embodiment, the interface layer comprises a structural material that 

15 exhibits anisotropic etching. Preferably, the structural material that exhibits anisotropic etching 
is selected from the group consisting of micro-scale copper tubing and copper filaments. 
Alternatively, the structural material comprises a metal, a porous material that defines the 
plurality of routes, such as a porous metal or a silicon foam, or a composite of materials. In 
another embodiment, the first plurality of openings and the second plurality of openings lie 

20 substantially in a single plane. 

In another embodiment, the method further comprises forming a heat insulator between 
the first plurality of openings and the second plurality of openings. Preferably, the heat insulator 
comprises an air gap. Alternatively, the heat insulator can comprise a vacuum gap or any 
thermally-insulating material having a thermal conductivity of approximately 5 W/m-K or less. 

25 In another embodiment, a cross-sectional dimension of a route changes as it extends from one of 
the first plurality of openings to a corresponding one of the second plurality of openings. 
Preferably, a cross-sectional dimension of a route increases uniformly as it extends from one of 
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the first plurality of openings to a corresponding one of a second plurality of openings. 

In another embodiment, the method further comprises coupling a heat-generating device 
to a bottom surface of the interface layer. In another embodiment, the method comprises 
integrally forming the heat-generating device to the bottom surface of the interface layer. 
5 Preferably, the heat-generating device is a semiconductor device. In another embodiment, each 
route comprises a channel. In another embodiment, each route is defined by a plurality of pin 
fins. Preferably, the pin fins are positioned crosswise to the plurality of routes. In another 
embodiment, the manifold layer and the interface layer form a monolithic device. In anodier 
embodiment, the step of forming an interface layer comprises patterning a semiconductor device 

10 and etching the patterned semiconductor device to form the interface layer. In another 

embodiment, the step of forming the interface layer comprises stamping a thin sheet of metal. In 
another embodiment, the step of forming the interface layer comprises molding a material in the 
form of the interface layer, such as molding a metal using metal injection molding (MIM) or 
plastic injection molding to form the interface layer. 

15 In a third aspect of the present invention, a method of cooling a device comprises 

transmitting a cooling material from an inlet manifold, through a plurality of stacked routes 
positioned over the device, and to an outlet manifold. In one embodiment, the stacked routes 
comprise a structural material having a thermal conductivity of at least approximately 20 W/m-K. 
Preferably, the structural material comprises a semiconductor. In other embodiments, the 

20 structural material comprises a metal or a porous material such as a porous metal or a silicon 
foam. In another embodiment, the plurality of stacked routes comprise pin fins. In another 
embodiment, the cooling material comprises water. Alternatively, the cooling material 
comprises one or more gases (e.g., air), vapors, or any combination of liquids, gases, and vapors. 

25 
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Brief Description of the Several Views of the Drawings 

Figure 1 is a side cross-sectional view of a heat exchanger in accordance with one 
embodiment of the present invention. 

Figure 2 is a perspective view of section of a slice of the heat exchanger of Figure 1. 
5 Figure 3 is a perspective view of a heat exchanger formed by combining a plurality of 

heat-sink slices similar to that in Figure 2, in accordance with one embodiment of the present 
invention. 

Figure 4 is a schematic top view of a heat exchanger, in accordance with the present 
invention, depicting various sections within which a cooling material can be independently 
10 circulated. 

Figure 5 is a perspective view of a section of a heat-sink slice having double-sided ridged 
fins, in accordance with one embodiment of the present invention. 

Figure 6 is a perspective view of a complete section of the heat-sink slice of Figure 5. 

Figure 7 is a perspective view of a heat exchanger formed by combining a plurality of 
15 heat-sink slices having double-edged fins, in accordance with one embodiment of the present 
invention. 

Figure 8 is a perspective view of a heat exchanger, with the manifold layer removed, and 
having channels with uniformly increasing cross-sectional areas, in accordance with one 
embodiment of the present invention. 
20 Figure 9 is a perspective view of a heat exchanger having pin fins, in accordance with one 

embodiment of the present invention. 

Figure 10 is a side view of the heat exchanger of Figure 9, depicting a plurality of fluid 
flow paths, in accordance with one embodiment of the present invention. 

Figures 11A-C illustrate steps for forming channels in accordance with one embodiment 
25 of the present invention. 
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Detailed Description of the Invention 

Figure 1 is a side cross-sectional view of a section of a heat exchanger 100, in accordance 
with one embodiment of the present invention, coupled to a heat-generating device 180. The 
heat exchanger 100 comprises a manifold layer 101 coupled to an interface layer 150. In 
operation, a cooling (i.e., heat-absorbing) material is introduced into a portion of the manifold 
layer 101, is transmitted through channels in the interface layer, where it absorbs heat generated 
by the heat-generating device 180, is transmitted to another portion of the manifold layer 101, 
and is extracted from the heat exchanger 100. By absorbing and carrying away heat generated by 
the heat-generating device 180, the cooling material cools the heat-generating device 180. As 
used herein, the surface at which the heat exchanger couples to a heat-generating device is 
referred to as a heat-exchanging plane. It will be appreciated that the heat-exchanging plane can 
be planar or substantially planar, or it can have other shapes. 

The manifold layer 101 comprises a plurality of openings 105, 110, and 115 and heat 
insulators 155 and 160, described in more detail below. It will be appreciated that the heat 
insulators 155 and 160 are not required to practice the present invention. The interface layer 150 
comprises a plurality of channels 105 A, 105B, 105C, 115A, 115B, 115C, 160A, 160B, and 
160C, as well as the heat insulators 155 and 160. The insulators 155 and 160 thus extend from 
and form part of both the manifold layer 101 and the interface layer 150. As illustrated in Figure 
1, the channel 105A is adjacent to the channel 105B, which is adjacent to the channel 105C; the 
channel 115A is adjacent to the channel 115B, which is adjacent to the channel 115C; and the 
channel 160A is adjacent to the channel 160B, which is adjacent to the channel 160C. 

Other structures for manifold layers are taught, for example, in co-pending U.S. patent 

application Serial Number XX/YYY, YYY, Attorney Docket No. COOL-00301, filed on , 

and titled "Method and Apparatus for Flexible Fluid Delivery for Cooling Desired Hot Spots in a 
Heat Producing Device," which is hereby incorporated by reference. 

As illustrated in Figure 1, the channels 105A, 105B, and 105C each has one end coupled 
to the opening 105 and another end coupled to the opening 110. Each of the channels 105A-C 
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extends from the opening 105, toward a bottom (e.g., heat-exchanging) plane 150A of the 
interface layer 150, turns, extends substantially parallel to the bottom plane 150A (thus defining 
an "elongated U shape"), turns away from the bottom plane 150A, and then extends to the 
opening 1 10, terminating at the opening 110. Thus, each of the channels 105 A-C has an 
elongated elbow or U-shape. 

The channels 115 A, 115B, and 115C each has one end coupled to the opening 115 and 
another end coupled to the opening 1 10. Each of the channels 115 A-C extends from the opening 
110, toward the bottom plane 150 A, turns, extends substantially parallel to the bottom plane 
150A, turns away from the bottom plane 150A, and then extends to the opening 110, terminating 
at the opening 110. Thus, each of the channels 1 15A-C has an elongated elbow or U-shape. 

Finally, the channels 160A, 160B, and 160C each has one end coupled to the opening 115 
and another end (not shown) coupled to an opening (not shown). In that section of the heat 
exchanger 100 illustrated in Figure 1, the channels 160 A, 160B, and 160C each extends from the 
opening 1 15, toward the bottom plane 150A, and turns. It will be appreciated that the sections of 
the channels 160 A, 160B, and 160C not shown extends substantially parallel to the bottom plane 
150A, turns away from the bottom plane 150A, and extends toward and terminates at an opening 
(not shown) similar to the other complete microchannels illustrated in this drawing. 

As described in more detail below and, for example, illustrated in Figure 2, the channels 
105 A-C, 115A-C, and 160A-C, are each defined by single-sided ridged fins. Figure 2 depicts a 
heat-sink slice, as shown in the cross-sectional view of Figure 1. As described in more detail 
below, heat-sink slices can be used alone or in combination with other heat-sink slices to form 
larger heat exchangers. As used herein, a single-sided ridged fin refers to a spine and a fin 
extending from one and only one side of the spine, thus defining a channel. Still referring to 
Figure 2, the channel 105A is defined by the ridged fins 151A and 151B, each extending from 
one side of the spines 201 and 202; the channel 105B is defined by the ridged fins 15 IB and 
15 1C, each extending from one side of the spines 201 and 202; and the channel 105C is defined 
by the ridged fins 151C and 15 ID, each extending from one side of the spines 201 and 202. 
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Similarly, the channel 115 A is defined by the ridged fins 152A and 152B, each extending 
from one side of the spines 202 and 203; the channel 115B is defined by the ridged fins 152B 
and 152C, each extending from the side of the spines 202 and 203; and the channel 115C is 
defined by the ridged fins 152C and 152D, each extending from the side of the spines 202 and 
5 203. The channel 160A is defined by the ridged fins 153A and 153B, each extending from one 
side of the spine 203; the channel 160B is defined by the ridged fins 153B and 153C, each 
extending from the side of the spine 203; and the channel 160C is defined by the ridged fins 
153C and 153D, each extending from the side of the spine 203. 

As illustrated in Figure 1, a cross section of the channels 105 A-C all lie in a single plane, 

10 substantially perpendicular to the bottom plane 150A, one located above another, and are thus 
described as vertically stacked. Similarly, the channels 115A-C are vertically stacked, as are the 
channels 160A-C. It will be appreciated that in accordance with the present invention, the 
channels 105 A-C, 115 A-C, and 160 A-C can lie in planes with other orientations to the bottom 
plane 150, such as planes that are skewed or otherwise non-parallel to the bottom plane 150A. 

15 As also illustrated in Figure 1, the openings 110 and 115 also lie substantially in a single plane 
parallel to the bottom plane 150 A. Such a structure is not necessary to practice the invention but 
can be used to simplify the fabrication of a heat-sink slice. 

Referring to Figure 1, the interface layer 150, and thus the fins 151A-D, 152A-D, and 
153A-D, comprises a heat-conducting material including, but not limited to, a semiconductor, a 

20 metal, a plastic, or a combination thereof. As described in more detail below, the interface layer 
150 preferably comprises a semiconductor material, which can be easily fabricated using 
semiconductor-fabrication techniques. Alternatively, the interface layer 150 comprises a metal, a 
porous material that defines the vertically stacked channels such as a porous metal or a silicon 
foam, any structural material from which channels can be formed and used to transmit a cooling 

25 material, or a composite of materials. 

In operation, a heat-generating device 180 is coupled to the interface layer 150, as 
illustrated in Figure 1. The heat-generating device 180 can be a semiconductor device, such as a 
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digital processor or an analog device; a power source, such as a battery; a motor; the wall of a 
heat-generating processing chamber; or any other device or combination of devices that generate 
heat. Alternatively, the interface layer is integrally formed into a back surface of the heat- 
generating device, such as a semiconductor device. A cooling material is introduced into the 
5 openings 105 and 115. Preferably, the cooling material is water. Alternatively, the cooling 
material is one or more other liquids, gases, vapors, or a combination of these. Preferably, a 
pump coupled to the opening 105 pumps the cooling material from the opening 105, through the 
channels 105 A-C, and to the opening 110, as shown by the arrows in Figure 1. Preferably, a 
pump coupled to the opening 115 pumps cooling material from the opening 115, through the 

10 channels 1 15A-C, and to the opening 110, also shown by the arrows in Figure 1. The pump 
coupled to the opening 115 pumps the cooling material from the opening 115, through the 
channels 160A-C, and to another opening (not shown). The openings 105 and 115 are thus 
referred to an inlet manifolds and the opening 110 is referred to as an outlet manifold. 

Still referring to Figure 1, in operation, heat generated by the heat-generating device 180 

15 is conducted from the heat-generating device 180, through the fin 15 ID, and to the cooling 
material traveling in the channel 105C. The cooling material, traveling away from the heat- 
generating device 180, carries the heat away from the heat-generating device 180, to the opening 
110. A portion of the heat absorbed by the cooling material circulating in the channel 105C is 
also conducted through the fin 15 1C to the cooling material circulating in the channel 105B. In a 

20 similar manner, the cooling material circulating in the channel 105B carries the heat away from 
the channel 105C, to the opening 110. A portion of the heat absorbed by the cooling material is 
also conducted through the fin 105B to the cooling material circulating in the channel 105 A. The 
cooling material circulating in the channel 105 A carries the heat to the opening 110. The heated 
cooling material collected in the opening 110 can, for example, be removed by a pump, cooled, 

25 and re-introduced into the opening 105. Alternatively, the cooling material can be removed from 
the heat exchanger 100 and replaced by other cooling material that is unheated. 

It will be appreciated that cooling material circulating within the channels 115A-C and 
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160A-C absorb heat from the heat-generating device 180 in a similar manner. Thus, in the 
discussions that follow, explanations about the channels 105A-C also apply to the channels 
115A-C and 160A-C. 

The cooling material in the channels 105A-C are hotter at the end coupled to the opening 
5 110 (the discharge end) than at the end coupled to the opening 105 (the introducing end). The 
heat insulator 155 is used to insulate the introducing end from the discharge end, ensuring that 
the cooling material at the discharge end does not pre-heat the cooling material in the introducing 
end of a channel, thus limiting the amount and rate of the heat absorption by the cooling material. 
Preferably, the insulators 155 and 160 are air gaps. Alternatively, the insulators 155 and 160 are 

10 vacuum gaps, an insulating material, or any structure that insulates the introducing end of a 
channel, such as the channel 105A, from the discharge end of the channel, so that the cooling 
material is not pre-heated. Preferably, insulating materials and structures used in accordance 
with the present invention have a thermal conductivity of approximately 5 W/m-K or less. 

It is believed that stacking channels as illustrated by, for example, the channels 105A-C 

15 in Figure 1, provides several advantages. For example, a stacked structure allows an inlet 

manifold to be positioned relatively closely to an outlet manifold. Locating the inlet manifold 
105 close to the outlet manifold 110 reduces the length of the channels 105A-C, thus reducing 
the distance a cooling material must travel when removing heat from the heat-generating device 
180. In this way, there is less of a pressure drop across the channel, advantageously resulting in a 

20 more uniform flow of the cooling material across the channel. Also, because the cooling material 
travels a shorter distance, heat is removed more efficiently from the heat-generating device 180. 
Smaller distances between the inlet manifold and the outlet manifold also allows cooling material 
to be circulated over a smaller area, allowing greater, more precise control over what areas are to 
be cooled. 

25 In addition, the uniform elongated U-shape depicted in Figure 1 allows cooling material 

to flow more evenly through the channels 105A-C, advantageously providing a uniform pressure 
distribution through the channels 105A-C. Stacked, multichannel structures, such as that 
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depicted in Figure 1, are useful because they allow more fluid to move through a device, with 
less pressure drop, gathering heat effectively because of the high surface-to-volume ratio. In this 
way, structures in accordance with the present invention function much as a porous metal or 
silicon foam. It is believed that the uniform, elongated U-shape better achieves the optimal flow 
5 length and pressure drops within a channel than do structures with sharp bends. 

Heat exchangers in accordance with the present invention can have any number of 
channels having any combinations of cross-sectional dimensions. In one embodiment, the cross- 
sectional dimensions of the channels are chosen small enough to maximize the surface-to-volume 
ratio but large enough to ensure that pressure drops within the channels are small. Also, as 

10 discussed below, because channels closest to a heat-exchanging plane absorb more heat than 
those channels farther from the heat-exchanging plane, channels closer to the heat-exchanging 
plane can have cross-sectional dimensions larger or smaller than those of channels farther from 
the heat-exchanging plane, depending on the design preference. 

It will be appreciated that the discussions above relating to Figure 1 are illustrative only. 

15 For example, while Figure 1 illustrates three channels 105A-C extending from the opening 105 
to the opening 110, two channels or more than three channels can extend from the opening 105 to 
the opening 110 in accordance with the present invention. As described in more detail below, 
shapes other than elongated U-shapes can be used to form the channels 105 A-C, 115A-C, and 
160A-C. For example, channels having simple U bends (e.g., Figure 8) rather than elongated U 

20 bends can be used. Indeed, the channels can have any shape that allows cooling material to be 
transmitted from one opening to another in a stacked configuration. Preferably, a shape of a 
channel allows uniform pressures across the length of the channel. It will also be appreciated 
that the functioning of the openings 105 and 110, and 115 and 110 can be reversed. For example, 
a cooling material can be introduced into the opening 110 and transmitted to the openings 105 

25 and 115 using a pump coupled to the opening 1 10. 

In accordance with the present invention, a heat-sink slice (e.g., Figure 2) can be joined to 
form a heat exchanger that covers and thus draws heat away from a wider area. The heat 
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exchanger 300 illustrated in Figure 3 is formed by joining a plurality of heat-sink slices such as 
the heat-sink slice of Figure 2. A bottom surface of the heat exchanger 300 can contact and thus 
draw heat from a larger surface area of a heat-generating device than could the heat-sink slice of 
Figure 2 alone. The heat exchanger 300 comprises the heat-sink slices 300A-D, each forming 
5 part of inlet manifolds 305 and 315, outlet manifolds 310 and 320, and heat insulators 355-357. 
The heat-sink slice 300A contains a first row of channels comprising the channels 305A-C, 
315A-C, and 320A-C. The heat-sink slice 300B contains a second row of channels comprising 
the channels 308 A-B. And the heat-sink slice 300C contains a third row of channels comprising 
the channels 309 A-B. It will be appreciated that only a few of the channels contained in the heat 

10 exchanger 300 are described to simplify the illustration of Figure 3. It will be appreciated that 
the more rows of channels in the heat exchanger 300, the more cooling material can be used to 
absorb and carry away heat from a heat-generating device coupled to a heat-exchanging plane of 
the heat exchanger 300. 

The heat exchanger 300 advantageously allows a cooling material to be routed to selected 

15 areas of a heat-generating device coupled to the heat exchanger 300. For example, if a heat- 
generating device only generates heat below the channels 305A-C, then a cooling material need 
be introduced only into the inlet manifold 305 above the channels 305 A-C and removed from the 
outlet manifold 310. In this way, the amount of both cooling material and energy used to pump 
the cooling material is minimized. Similarly, as described below in relation to Figure 4, a 

20 cooling material can be introduced into any combination of inlet manifolds and removed from 

any combination of outlet manifolds, depending on the application at hand. Thus, by controlling 
pumps coupled to inlet manifolds, a cooling material can be routed along complex three- 
dimensional paths above the surface of a heat-generating device. 

For ease of illustration, Figures 1-10 depict heat-sink slices and heat exchangers having 

25 symmetrical portions. For example, Figure 3 illustrates the heat exchanger 300 having similarly 
shaped outlet manifolds 3 10 and 320 and similarly shaped channels 305 A-C and 320A-C. It will 
be appreciated that the present invention contemplates symmetrical as well as non-symmetrical 
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portions. For example, the outlet manifolds 310 and 320 can have different shapes, and the 
channels 305A-C and 320A-C can have different shapes arranged in vertically-stacked channels. 

Figure 4 is a schematic top view of a heat exchanger 400 comprising inlet manifolds 405 
and 445 coupled to an outlet manifold 425, inlet manifolds 410 and 450 coupled to an outlet 
5 manifold 430, and inlet manifolds 415 and 455 coupled to an outlet manifold 435. It will be 

appreciated that the inlet manifolds 405 and 445 and the outlet manifold 425 together comprise 
one or more heat-sink slices; the inlet manifolds 410 and 450 and the outlet manifold 430 
together comprise one or more heat-sink slices; and the inlet manifolds 415 and 455 and the 
outlet manifold 435 together comprise one or more heat-sink slices. Preferably, a pump is 

10 coupled to one or more of the pairs of inlet manifolds 405 and 445, 410 and 450, and 415 and 
455 so that a cooling material can be pumped from an inlet manifold to a corresponding outlet 
manifold. Thus, for example, a pump is coupled to the inlet manifolds 405 and 445 so that a 
cooling material can be pumped from the inlet manifolds 405 and 445 to the outlet manifold 425, 
thus cooling a heat-generating device in an area below the inlet manifolds 405 and 445 and the 

15 outlet manifold 425. The heat exchanger 400 can be configured so that pumps are only activated 
so that a cooling material is circulated above those regions that require cooling. Thus, for 
example, if a heat-generating device coupled to the heat exchanger 400 generates heat in those 
regions below inlet manifolds 410 and 450 and the outlet manifold 430, then one or more pumps 
coupled to the inlet manifolds 410 and 450 will be activated so that a cooling material flows from 

20 the inlet manifolds 410 and 450 to the outlet manifold 430. No other pumps coupled to the heat 
exchanger 400 need be activated, thus saving energy. 

It will be appreciated that the components that comprise a heat exchanger can have 
alternative structures. For example, Figure 5 illustrates a section of a heat-sink slice 500 that can 
be used to form a heat exchanger. The heat-sink slice 500 has double-sided ridged fins used to 

25 form channels on either side of a spine 509 of the heat-sink slice 500. The heat-sink slice 500 

comprises inlet manifolds 505 and 515, an outlet manifold 510, heat insulators 555 and 556, and 
the spine 509 from which extends double-sided ridged fins 551A and 551B, and 552A and 552B. 
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The double-sided ridged fins 551A and 551B, and 552A and 552B are exemplary and define 
structure found in other double-sided ridged fins in the heat-sink slice 500. The double-sided 
ridged fins 551 A and 552A together form a channel 505B on one side of the spine 509, and the 
double-sided ridged fins 55 IB and 552B together form a channel 505B' on another side of the 
5 spine 509. 

Figure 6 shows a complete section of the heat-sink slice 500. Figure 7 shows the heat- 
sink slice 500 and similar slices 501-504 coupled to form a heat exchanger 700, in accordance 
with the present invention. 

A heat exchanger 800 shown in Figure 8 illustrates another embodiment of the present 

10 invention. The heat exchanger 800 comprises heat exchanger slices 810, 820, 830, 840, and 850. 
Each of the heat-sink slices 810, 820, 830, 840, and 850 has channels with a smaller cross- 
sectional area at an introducing end that at a corresponding discharging end. Thus, for example, 
a cross-sectional area of the channel 805C at the discharge end (805C") is larger than a cross- 
sectional area at the introducing end (805C). Such a structure is useful, for example, for two- 

15 phase boiling, in which liquid boils while traveling along a channel. Because the liquid is boiled 
to produce a gas, the structure allows the larger volume of the gas to be removed from the 
channel at the same or a greater rate than the liquid is introduced into the channel 805C. This 
ensures that the liquid is not trapped within the channel 805C, causing heat to be removed from 
the heat-generating device at a less than optimal rate. 

20 Figure 8 depicts the cross-sectional area of the channel 805 C increasing uniformly as the 

channel extends from the location 805C to the location 805C". It will be appreciated that the 
present invention contemplates channels in which a cross-sectional dimension of a channel 
changes uniformly, non-uniformly, or in any pre-determined manner as the channel extends from 
an inlet manifold to an outlet manifold. For example, in accordance with the present invention, 

25 the cross-sectional areas of a channel can decrease uniformly or they can vary non-unifoimly in 
any pre-determined manner as the channel extends from an inlet manifold to an outlet manifold. 
It will be appreciated that a heat-sink in accordance with the present invention can 
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comprise other path-defining structures having a plurality of stacked routes. For example, Figure 
9 is a perspective view of a heat-sink slice 900, in accordance with one embodiment of the 
present invention, coupled to a heat-generating device 880. The heat-sink slice 900 comprises a 
manifold layer 801 and an interface layer 850. Preferably, the interface layer comprises a 
5 structural material having a thermal conductivity of at least approximately 20 W/m-K. The 
manifold layer 801 comprises inlet manifolds 805 and 815, an outlet manifold 810, and heat 
insulators 841 and 842. The interface layer 850 comprises the heat insulators 841 and 842 and an 
array of high surface area pin fins. The array of high surface-area pin fins defines an array of 
vertically stacked paths from the inlet manifolds 810 and 815 to the outlet manifold 810. Figure 
10 10 is a side cross-sectional view of the heat-sink slice 900 coupled to the heat-generating device 
880. 

Figure 10 also depicts a plurality of fluid flow paths 890-892 from the inlet manifold 805 
to the outlet manifold 810 and a plurality of fluid flow paths 895-897 from the inlet manifold 815 
to the outlet manifold 810. Figure 10 illustrates that the fluid flow paths 890-892 and 895-897 

15 are vertically stacked, in accordance with the present invention. It will be appreciated that heat is 
radiated upward, between adjacent fluid routes, rather than by conducting fins, as for example in 
Figure 1. As illustrated in Figure 10, the plurality of pin fins extend from a surface of the 
interface layer 850, crosswise to the direction of the fluid flow paths 890-892 and 895-897. It 
will be appreciated that in accordance with the present invention, the plurality of pin fins can be 

20 oriented in positions other than crosswise to the direction of the fluid flow paths 890-892 and 
895-897 as long as the plurality of pin fins direct the fluid along vertically stacked fluid flow 
paths. 

It will be appreciated that a cooling material such as a fluid can travel many paths within 
the array of pin fins. Thus, the cooling material can travel in vertically stacked paths from the 
25 inlet manifold 805 to the outlet manifold 810, for example, using routes other than those depicted 
in Figure 10. It will also be appreciated that while Figures 9 and 10 depict a symmetrical array of 
pin fins 850, staggered or non-symmetrical arrays of pin fins can also be used in accordance with 
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the present invention. Pin fins can have many shapes including, but not limited to, square, round, 
elliptical, orthogonal, other geometric, non-geometric, regular, and irregular shapes. 

A heat exchanger in accordance with the present invention can be fabricated in a number 
of ways. For example, one or more heat-sink slices can be formed from a semiconductor or other 
5 material using semiconductor-fabrication techniques. An interface layer of a heat-sink slice can 
be formed from a semiconductor device that is patterned using photo-lithography and then etched 
to form the microchannels. Plasma etching, chemical etching, or other types of etching can be 
performed. Multiple heat-sink slices can then be fused together and diced (if necessary). Heat- 
sink slices can be bonded together and a manifold layer bonded to form a heat exchanger, such as 

10 the heat exchanger 300 of Figure 3. Alternatively, the interface layer and the manifold layer can 
be formed from a single monolithic device, in the same process steps. The resulting composite 
interface and manifold layer can then be bonded with other interface and manifold layers to form 
a heat exchanger. Next, one or more pumps can be coupled to inlet manifolds in the heat 
exchanger, which can then be coupled to a heat-generating device. Additionally, the heat- 

15 generating device and a bottom surface of the interface layer can be integrally formed during 
device fabrication. 

Similarly, a semiconductor layer can be patterned and etched to form one or more inlet 
manifolds, one or more outlet manifolds, and an array of projecting fins, as, for example, 
illustrated in Figure 10. The resulting heat-sink slice can then be bonded to form a heat 

20 exchanger, as described above. One or more pumps can then be coupled to the inlet manifolds in 
the heat exchanger, which can then be coupled to a heat-generating device. 

It will be appreciated that an interface layer in accordance with the present invention can 
comprise one or more heat-conducting materials such as a semiconductor, molded plastics, 
materials covered in a metal, porous metals, a silicon foam, or other materials. Preferably, the 

25 interface layer comprises a semiconductor such as silicon. The interface layer can also comprise 
a material that exhibits anisotropic etching so that the interface layer can be fabricated using 
patterning and anisotropic etching techniques. Materials exhibiting anisotropic etching, which 
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can be used in accordance with the present invention, include, but are not limited to, micro-scale 
copper tubing and copper filaments. Alternatively, the interface layer can be formed from 
stamped metal sheets, such as stamped copper sheets, as described below, machined metals, 
plated metals, and other materials. A manifold layer in accordance with the present invention 
can be formed from a number of materials including, but not limited to, glass, molded plastics, 
machined metals, etched metals, or any combination of these materials. Manifold layers can be 
bonded to interface layers using many techniques including, but not limited to, adhesive bonding, 
chemical bonding, ultrasonic welding, eutectic bonding, or any combination of these methods. 

Figures 11A-C illustrate a method of forming vertically stacked channels in accordance 
with the present invention. Figure 11A shows a sheet of material 1010, such as a stamped sheet 
of metal. As illustrated in Figure 11B, a curved section 1015, extending from the sheet of 
material 1010, is coupled to the sheet of material 1010. The sheet of material 1010 and the 
curved section 1015 can be coupled using fusion, adhesives, or by other techniques, such as 
solder and eutectic bonding. Next, as illustrated in Figure 11C, a curved section 1020 is coupled 
to the sheet of material 1010, so that the curved sections 1015 and 1020 form a channel 1025. In 
a similar way, other channels can be formed above the channel 1025 so that a plurality of 
vertically stacked channels are constructed to form an interface layer in accordance with the 
present invention. 

It will be appreciated that interface layers and manifold layers can be formed and 
combined in other ways to form vertically stacked channels in accordance with the present 
invention. For example, channels, manifold inlets, manifold outlets, any array of pin fins, or a 
combination of these can be formed by stamping a sheet of metal in the shape of the channels, 
manifold inlets, manifold outlets, or array of pin fins. Alternatively, these structures can be 
formed using metal injection molding (MIM), plastic injection molding, other forms of molding, 
or by many other means. 

In accordance with the present invention, heat exchangers circulate a cooling material to 
carry heat from a heat-generating device. Heat exchangers in accordance with the present 
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invention comprise vertically stacked routes containing cooling material used to absorb heat from 
the heat-generating device and transfer the heat among the vertically-stacked routes, away from 
the heat-generating device. The routes can have any cross-sectional dimensions configured to 
carry cooling material to absorb heat from micro devices, such as semiconductor processors, or 
from larger devices. The cross-sectional dimensions can be configured to fit the application at 
hand. Such heat exchangers can be used to efficiently cool heat-generating devices such as 
semiconductor processing devices, motors, light-emitting devices, process chambers, MEMS, 
and any other devices that generate heat. Many forms of cooling materials can be transmitted 
through the vertically-stacked channels including, but not limited to, liquids such as water, air, 
other gases, vapors, refrigerants such as Freon, or any material or combination of materials that 
can absorb and transport heat efficiently. 

The present invention has been described in terms of specific embodiments incorporating 
details to facilitate the understanding of the principles of construction and operation of the 
invention. As such, references herein to specific embodiments and details thereof are not 
intended to limit the scope of the claims appended hereto. It will be apparent to those skilled in 
the art that modifications can be made to the embodiments chosen for illustration without 
departing from the spirit and scope of the invention. 
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